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In pancreatic β cells, not only insulin exocytosis per se, but translocation of β granules toward the plasma membrane -an event upstream of exocytosis -are under the control of glucose. However, the molecular basis of this translocation has been poorly understood. Rab27a-mediated translocation of glucose-induced β granules is reported in this issue of the JCI (see the related article beginning on page 388). Rab27a or its effector molecule may constitute a novel pharmacological target because potentiation of the Rab27a pathway is expected to restore β cell glucose competency in patients with diabetes mellitus. (Figure 1 ). The molecular basis for glucose stimulation of β granule docking and/or replenishment of the readily releasable pool of granules is now at least in part clarified in this issue of the JCI (1).
Mechanism of GSIS
Glucose metabolism in the β cell activates ATP-sensitive K + (K ATP ) channel-dependent and -independent signaling pathways (Figure 1) . Mitochondrial metabolism is the key event in both pathways. Pyruvate, a product of glycolysis, enters the tricarboxylic acid (TCA) cycle, and ATP is then generated. At the same time, cytosolic flux of the TCA cycle intermediate(s) (2) and/or activation of acetyl-CoA carboxylase (3) and activation of phospholipase C (4) take place. Anaplerosis (2), carboxylation of pyruvate to oxaloacetate and its entry to the TCA cycle -rather than entry of pyruvate into the TCA cycle via decarboxylation to acetyl-CoA -is critical for all of these outcomes (5). The K ATP channel-dependent events (Figure 1A) have been well characterized (6), and they include: (a) elevation of cytosolic ATP/ADP following ATP generation; (b) closure of the K ATP channels; (c) membrane depolarization; (d) opening of L-type voltage-dependent Ca 2+ channels; (e) Ca 2+ influx; (f) elevation of [Ca 2+ ] i ; and eventually (g) triggering of exocytosis, i.e., fusion of β granules in the readily releasable pool (RRP) and the plasma membrane. It should be noted that β granules in the cell do not constitute a uniform population. A majority of them remain inside the cell and cannot immediately be releasable, thus forming a reserve pool (RP), whereas a small portion of them constitute the RRP, which is available for immediate secretion.
Twelve years after its discovery, the K ATP channel-independent pathway is still not fully characterized (7) (8) (9) (10) . The so-called malonyl-CoA hypothesis (11) Figure 1A ). This is currently the most prominent hypothesis for the
Figure 1
Metabolism-secretion coupling within the pancreatic β cell. (A and B) Elevation of ATP and ATP/ADP is the starting point for KATP channel-dependent signaling, which has been well elucidated, as shown here (6) . Owing to [Ca 2+ ]i elevation, fusion of β granules in the RRP and the plasma membrane takes place, and this results in the first phase of glucoseinduced insulin secretion. The molecular basis for KATP channel-independent signaling (B) is not fully characterized. The end point of this signaling is expansion and/or replenishment of the RRP, after which a second phase occurs in which insulin release gradually increases. Upon glucose stimulation, KATP channel-dependent and -independent events take place. When an experimental protocol to detect time-dependent potentiation is employed (16, 17) , expansion of the RRP can be quantified. Membrane fusion of the β granules in the RRP is required and sufficient for first-phase insulin release, and, in addition, expansion and/or replenishment of the RRP is required for second phase release (see Figure 2) . As shown in A, as a result of anaplerosis (2), increased citrate flux (2) and/ or activation of acetyl-CoA carboxylase (ACC) (3) occurs, which results in expansion and/or replenishment of the RRP via the series of events indicated (10) (11) (12) . Cytosolic flux of glutamate, by virtue of its uptake by β granules, sensitizes the granules for fusion (15) . Activation of phospholipase C (PLC), PKC, or an increase in inositol trisphosphate (IP3) (4) and liberation of stored Ca 2+ (13) also yield expansion and/or replenishment. ATP itself (14) and elevation of ATP/ADP (9) are also involved in this process. In this issue of the JCI, Kasai et al. (1) report that Rab27a plays a critical role in replenishment of the RRP. CPT1, carnitine palmitoyl transferase 1; L-VDCC, L-type voltage-dependent Ca 2+ channel.
mechanism of the K ATP channel-independent glucose action. Palmitoylation is an example of reversible protein modification by LC-CoA, and we have demonstrated nutrient modulation of palmitoylated proteins in islet cells (12) . Phospholipase C activation (4), liberation of Ca 2+ from the intracellular store site (13), PKC activation (4, 13) , and increase in the levels of ATP (14) and ATP/ADP (9) have also been proposed as mediators of this process. Cytosolic accumulation of glutamate and its uptake by β granules, leading to an increased rate of exocytosis, has also been hypothesized (15) and has been the subject of much dispute.
Biphasic response
A square wave application of a high concentration of glucose produces biphasic insulin release (Figure 2 ), which contrasts with the monophasic release induced by sulfonylurea (SU) or a depolarizing concentration of K + . SU and a high concentration of K + fail to generate biphasic release despite the fact that the former closes the K ATP channel and the latter depolarizes the plasma membrane. In this regard, both agents activate K ATP channel-dependent signaling. Thus, glucose-induced first-phase insulin release is considered to be due to the fact that the K ATP channeldependent elevation of [Ca 2+ ] i promotes fusion of the β granules already in the RRP. The second phase, characterized by a gradual increase of insulin release following the initial peak, is considered to be due to the K ATP channel-independent expansion and/ or replenishment of the RRP from the RP. Upon elevation of extracellular glucose, Ca 2+ -induced fusion of granules already in the RRP occurs within minutes, and expansion and/or replenishment of the RRP from the RP is in progress several minutes later.
GSIS occurring under full activation of the K ATP channel with diazoxide and depolarization with a high concentration of K + is a measure of K ATP channel-independent glucose action (7-10). The expansion and/or replenishment of the RRP can be quantified if a sequential stimulation protocol is employed (16, 17) : initial stimulation with a high concentration of glucose followed by the triggering (by fusion of β granule and the plasma membrane induced by [Ca 2+ ] i elevation; see above) by a depolarizing concentration of K + in the presence of a nonstimulatory concentration of glucose. Here, glucose pretreatment yields increased insulin release during stimulation with a high concentration of K + . This phenomenon has long been known as time-dependent potentiation by glucose, which is fully operative under stringently Ca 2+ -free conditions and/or activation of the K ATP channel (16, 17) .
Expansion and/or replenishment of the RRP is a consequence of increased β granule movement (13) and margination of it toward the cell periphery (18, 19) , both of which are due to chemical modification of the granule (13, (18) (19) (20) . The insulin secretion rate, which reflects the fusion rate of β granules and the plasma membrane, is thus increased without upregulation of the triggering signal, [Ca 2+ ] i .
Rab27a as a specific mediator of GSIS
A small, monomeric GTP-binding protein, Rab, plays a critical role in formation, trafficking, and tethering of vesicles to the target compartment in endocrine and nonendocrine cells, and a functional role of Rab in insulin secretion has been previously demonstrated (21) . Also, Cdc42, a Rho family small GTPase, has been proposed as a specific mediator of GSIS (22) . Nevertheless, the process of insulin secretion cannot simply be viewed as the fusion of β granules and the plasma membrane, and the classic 2-compartment model described above best accommodates the dynamism of insulin secretion under various physiological and experimental conditions. In this model, the connection between small GTP-binding proteins and the K ATP channel-dependent and -independent pathways is currently unclear. For example, the small GTP proteins may be involved in the pairing of the target membrane soluble N-ethylmaleimide-sensitive factor attachment protein receptor (t-SNARE) with the vesicle membrane SNARE (v-SNARE) and thus play a role in Ca 2+ -induced triggering downstream of the K ATP channel closure. Alternatively, these proteins may be needed for initiation and maintenance of β granule transit from the RP to the RRP. If this is the case, the GTP proteins are mediators of expansion and/or replenishment of RRP, and therefore they are effector molecules in the K ATP channelindependent pathway. The possibility may even exist that the GTP proteins are engaged in both of the glucose-induced signaling pathways. At any rate, in order to delineate the role of Rab in glucose signaling, Kasai et al. endeavored to quantify the triggering and replenishment of the RRP using intact and Rab-defective β cells (1).
In this issue, Kasai et al. (1) examine the β cells of ashen mice, which have a mutated, nonfunctioning form of Rab27a. These animals exhibited glucose intolerance with insufficient insulin secretion in vivo, and in the isolated islets, GSIS was impeded; the number of docked β granules was reduced, and glucose-induced replenishment of these granules was clearly subnormal. Interaction of granuphilin with syntaxin 1a was diminished in ashen islets. Because granuphilin is an effector of Rab, and syntaxin 1a and SNAP-25 associate with VAMP2 (a v-SNARE), diminished granuphilin-syntaxin 1a interaction in ashen islets suggested impaired SNARE complex formation as an underlying mechanism of abnormal granule trafficking.
Quite interestingly, K ATP channel-dependent glucose action, for which elevation of [Ca 2+ ] i induced by glucose was employed as an index, was normal in ashen β cells (1). In addition, K ATP channel-independent glucose action, insulin secretion in response to a high concentration of glucose in the presence of diazoxide and a high concentration of K + , was intact. Yet both phases of GSIS were impeded. On the other hand, insu-
Figure 2
A schematic presentation of glucose-induced biphasic insulin secretion by islet β cells. Stimulation by a high concentration of glucose elicits a rapid increase in insulin secretion within 1-2 minutes (first phase). Within 10 minutes, in the presence of the same stimulatory concentration of glucose, the secretion rate is decreased, and it gradually begins to increase again thereafter (second phase). Second-phase insulin release is more prominent in rat and human than in mouse β cells. First-phase insulin release is generated by fusion of β granules already in the RRP and the plasma membrane, which is called triggering. For the second phase, granules translocate from the RP to the RRP, which yields expansion and/or replenishment of the RRP. The first and second phases of insulin secretion are due to KATP channel-dependent and -independent glucose signaling, respectively, as outlined in Figure 1 .
lin secretion induced by pharmacological agents including depolarizing concentrations of K + , forskolin (an adenylyl cyclase activator), and phorbol ester (an agonist of PKC) was normal: the secretory defect was thus specific to glucose. Where and how is exocytosis impaired by the absence of functional Rab27a? Does Rab27a keep β cell glucose competency downstream of incretin and/or cAMP? Glucagon-like peptide 1 (GLP1) and glucose-dependent insulinotropic peptide (GIP) are gut hormones that stimulate cAMP generation in the β cell and thereby potentiate GSIS. Such peptides are collectively called incretins. cAMP is a positive regulator of exocytosis at multiple steps, including the expansion of the RRP in synergy with the K ATP channel-independent glucose signaling (16) . Mice with targeted disruption of the genes encoding receptors for both GLP1 and GIP were created recently (23) and are remarkably reminiscent of ashen mice. Namely, the knockout mice showed normal ambient plasma glucose concentrations, impaired glucose tolerance with insufficient insulin secretion in vivo, and reduction of both phases of GSIS in the isolated islets. Thus, the following scenario is plausible: Rab27a is involved in replenishment of the RRP downstream of cAMP, and absence of this signaling from birth may cause constitutive defects in the expansion and/or replenishment of the RRP, yielding reduction in the number of docked β granules. In fact, cAMP/Rab27a signaling plays a critical role in the accumulation of melanosomes in the actin-rich region (24) . Melanosomes are lysosome-related organelles containing melanin pigment, and at the cell periphery, they interact with actin via a Rab27a-containing complex. This mechanism is essential for determining melanosome localization.
Normal enhancement of GSIS by forskolin and phorbol ester in ashen β cells was not unexpected (1) . These pharmacological agents produce supraphysiological elevation of cAMP and activation of PKC, respectively, which potently augment insulin exocytosis through stimulatory effects not only at the step of RRP replenishment but also at the voltage-dependent Ca 2+ channel or Ca 2+ -induced fusion of β granules and the plasma membrane. Therefore, β granule dysregulation associated with a defect in Rab27a function may well be overridden. Although the glucose-induced rise in [Ca 2+ ] i at room temperature was normal in ashen islets (1), this does not exclude the possibility of minor metabolic suppression at 37°C. Minute impairment of glucose metabolism leads to selective inhibition of the K ATP channel-dependent insulinotropic action of glucose, leaving the K ATP channel-independent pathway intact (9).
This work from Izumi's laboratory elegantly discloses a previously unrecognized facet of metabolism-secretion coupling in the β cell. Currently, compounds that act to close the K ATP channel are the only available insulinotropic agents, and they simply cause fusion of the β granules in the RRP and the plasma membrane. A pharmacological agent that acts on the Rab27a pathway may become the long-awaited tool to potentiate glucose-induced insulin secretion and therefore present a new therapeutic option for the treatment of β cell dysfunction in diabetes.
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